and EDX the samples were dehydrated and embedded as described in the paper for the untreated samples.
Optical imaging. Optical images of the mature end of the radula was carried out with a Cannon Powershot G1 digital camera.
Scanning electron microscopy (SEM).
Micrograph of the mature section of the radula was obtained with Field emission SEM (FE-SEM, Supra35 VP, Carl Zeiss, Germany) operating at 10 kV and the micrographs of the broken mature tooth at 1 kV. In both cases secondary electron imaging mode was used. The embedded sample was then investigated with highresolution SEM (HR-SEM, JEOL JSM7500F) operating at 2 kV and using backscattered electron imaging mode which enable to observe the compositional contrast. The samples were mounted on an SEM-sample holder with conductive carbon tape and sputtered with Pt. Even though the samples were sputtered with Pt we experienced extensive problems with charging.
For this reason we examined the broken tooth with cryo SEM (HR-SEM, JEOL JSM7500F) as well operating at 2 kV. Note that as a sign of a dominantly organic composition of these phases, we needed to perform cryo-SEM to achieve magnifications allowing efficient and well resolved imaging of the fibrous structures inside the tooth. The beam otherwise damaged the sample already upon shorter irradiation.
Microbeam WAXS and SAXS. X-ray scattering experiments were performed on the embedded thin samples at the µ-spot beamline (Paris et al., 2007) at the BESSY II synchrotron radiation facility in Berlin (Germany). A beam energy of 15 keV (λ = 0.826 nm) was defined using a multilayer monochromator. The beam was focused by a toroidal mirror and experiments were collected on the area detector (MarCCD 225, MarUSA, Evanston) situated approximately 325 mm away from the sample. The final beam size was defined by a pinhole of 30 μm and 10 μm diameter behind the sample. All measurements were calibrated using a quartz powder placed at the sample position. Details of the data analysis are described in SI, section S12.
Nanoindentation. Embedded and polished samples were measured with a UB1
nanoindentation instrument (Hysitron, Minneapolis, MN, USA). Full-map indentation tests were performed on transverse cross-sections using a Berkovich diamond tip at a peak force of 500 μ N. The load function consisted of a 5-second loading to 500 μ N, followed by a 15-second hold at that force, and then a 5-second unloading. The resulting indents in a grid array were measured ca. 10 μm apart.
The same indentation procedure was also performed on polished samples at 92% relative humidity with a TI950 nanoindentation instrument (Hysitron, Minneapolis, MN, USA) equipped with environmental control chamber (xSol, Hysitron, Minneapolis, MN, USA) and humidity generator (HGC30, DataPhysics Instruments, Filderstadt, Germany). The measurements in high humidity were performed to investigate the possible influence of sample dehydration. Details of the data analysis are described in SI, section S12.
Finite element (FE) analyses. 3D FE models of 952,221 tetrahedral elements were created by importing the segmented data of 4 teeth at different stages of wear into Amira 5.2 (Visage Imaging GmbH, Germany) to create 2D isosurfaces. These triangulated surfaces were then imported into HyperMesh 13.0 (Altair Engineering Inc., USA), corrected for errors, and then meshed in 3D. Simulations were performed using linear elastic materials properties (Young's modulus E = 16 GPa and Poisson's ratio ν= 0.3) with the models being clamped at the bottom. Four load cases F1, F2, F3 and F4 with magnitude of 0.125 N were applied on the tooth tips (0.0125mm²).
Raman spectroscopy and imaging. Raman imaging was performed using a confocal Raman microscope (alpha300, WITec, Ulm, Germany) equipped with a frequency doubled Nd:YAG laser excitation (=532 nm) and a piezoscanner. The laser beam was focused on the sample through an objective (60X, NA = 0.8) with a spot size of 0.61*/NA. For imaging, an integration time of 0.3 s was used for acquisition and pixels were separated by 0.5 µm. The spectra were acquired using a CCD detector (DU401A-BV, Andor, UK) placed behind the spectrometer (UHTS 300; WITec). The ScanCtrlSpectroscopyPlus software (WITec) was used for measurements and WITec Project Plus for spectrum processing. The image in Fig. 2d was generated by plotting the unmixed spectral components using WitecProjectPlus integrated Non-negative matrix functionalization (NMF) analysis function.
Micro-tomography. Samples of mature teeth were imaged using a laboratory microCT (Skyscan 1172 lab CT, BrukerCT, Kontich, Belgium). Scans were performed using 50 keV, with an effective pixel size of 2 μm, 0.7 s exposure time. Details of the data reconstruction are described in the SI, section S10. 
Scanning Acoustic Microscopy (SAM)
.
S1. Sample composition
The water content in the teeth is 7-10 % (by mass), determined by differential weighing before and after dehydration. The dry sample composition was estimated with a combination of EXD and Amino acid analysis (AAA). The AAA results were taken from our experiments reported in Ref. [1] Disregarding the carbon coating we could obtain the following estimate for the molar ratio N:O:(Mg + Ca)=0.68:1:0.02, where O and N are determined with an accuracy of ~50%.
Moreover, according to EDX we also obtain the molar ratio Mg:Ca=1:0.75. From the AAA analysis we take the result for the total protein content in the sample, which was determined to be 3.678 mmol/g. The relative amino acid composition of the proteins was found to be: 82.1%
Gly, 10% His, 5.4 % Pro, 0.3% Asp, 0.3% Glu, 0.475% Thr 1,425%. In addition, sample contains 47.6 μmol/g free glucosamine.
We further make a simplifying assumption that the dehydrated sample consists of chitin, free EDX with a accuracy of ~ 50%), whereas the amounts of acidic residues is ~0.11 mmol/g Asp and ~0.15 mmol/g Glu (from amino acid analysis).
S2. Raman microscopy

S2.1. Detailed analysis of Raman data in Fig. 3
Confocal Raman microscopy revealed a quite uniform chemical composition comprising α-chitin and proteins, whereas according to expectations no signs of any mineral phase were detected. A representative Raman spectrum is shown in Fig. S2 .1. In agreement with the results in Ref. [1] , which revealed a protein composition strongly dominated by Gly (80 %), His (10 %) and Pro (5%), Raman bands due to these residues are the only ones discernible. [2]
The collected data was further analyzed with the Non-negative Matrix Factorization (NMF), which enables automatic un-mixing of spectral components and correlation with their distribution. [3] NMF identified two distinct kinds of spectra in the tooth tip differing in the protein bands (Fig. 3a) , locally divided into an app. 15-20 microns thick shell and an inner core region (Fig. 3b) . The shell region coincides with the outer parts of the Ca-rich region observed in EDX. More precisely, mostly the shell proteins have a higher fraction of β-sheets than the core region, but the fraction of β-turns and/or disordered secondary motifs is also elevated, [4] which is shown in the highlighted bands in Fig. 3a . Differences are observed also in the CN stretching mode of Pro, which is sensitive to protein conformation [2] (green band in Fig. 3a ). In particular, in the shell the band at higher wavenumbers (near 1450 cm -1 ) is stronger, similar to trans-polyPro. [2] Moreover, the shell region also exhibits a shoulder in the region of CH and CH 2 deformations, which is a sign for elevated disordered and β-turn as well as β-sheet structural elements. [5] The most striking difference, however, was in the presence of an additional band at around 1740 cm -1 in the shell region (denoted by the arrow in lower panel of Fig. 3a ), corresponding to ester groups. [4] Interestingly, upon treatment with an EDTA solution, which partially removes the cations in a thin shell region (EDX results in S5 and Fig. S1 .2 below), the relative fraction of disordered and β-turn motifs decreases ( Fig. S1 .2). Moreover, EDTA-treatment also induced a shoulder in the backbone C=O stretching band of Pro around 1623 cm -1 ( Fig. S1.2 ).
S2.2. EDTA-treated samples
As compared to untreated samples the EDTA-treated teeth exhibited a lower fraction of disordered structure and β-turn motifs (see Fig. S2 .2). Moreover, the His-band shifted towards smaller wavenumbers upon EDTA treatment (arrows in Fig. S2 .2). Together with the extraction of Ca and Mg ions (Fig. S8 ) this suggests that some fraction of Ca and Mg ions might form a complex with His. [6] Moreover, the EDTA-treatment caused changes in the CN stretching mode of Pro, which is sensitive to protein conformation 2 (green band in Fig. S2 .2).
In particular, the band at higher wavenumbers (near 1450 cm -1 ) developed a shoulder. The treatment with EDTA apparently did not cause any other significant changes in the spectrum.
EDTA-treatment also induced a shoulder in the backbone C=O stretching band of Pro around 1623 cm -1 , which is a signature for an increased number of hydrogen-bonds in the backbone and a more extended chain 7 .
Fig S2.2:
Average Raman spectra of raw and EDTA-treated teeth. The green band denote the CN and C=O stretching mode bands in Pro.
S3. Finite element modeling -functional analysis of the radular teeth and wear
Finite Element (FE) simulations shed light into the local stresses developed inside the tooth and tooth displacement upon applied a load to the tooth tip. In particular, we were interested in how wear affects the tooth functionality. As it is not known how exactly the tooth is loaded In general FEM results reveal that the stresses inside the tooth depend on the direction of the load applied (see Tables S3.1 and S3.2 below) . Moreover, the tooth appears to respond to the various stresses roughly equally well, demonstrating that the M. crenulata teeth represent a versatile harvesting tool.
The blunt rake-like leading area of worn teeth proves that wearing happens severely over there. The sharp hook-like shovel of unworn teeth is suitable for cutting and carrying food to mouth. The leading areas are not optimized for bending because the material in this area concentrates close to natural axis ( Fig. S3 .2 -Section C-C). In any load cases, bending stress in leading areas of worn teeth is small (Table 3 .1).
On the contrary, the thin convex section of the middle part makes bending resistance of the tooth larger in leading-trailing direction ( Fig. 3.2 -Section B-B) . That effectively helps to reduce bending stress in the middle part of the tooth. The difference of stress in the middle part of worn teeth and unworn teeth is not considerable. In the load cases 1, 2 and 3 the leading area and middle part of the unworn teeth are displaced more than in worn teeth (see Table S .3.3). It means the unworn teeth are more flexible in feeding manipulation. On the contrary, in load case 4, the displacement of worn teeth is larger than the displacement of unworn teeth because the moment arm (distance between force and clamped area) of force applied on the worn teeth is larger. To assess the effect of dehydration on the material stiffness additional experiments were performed at an elevated relative humidity of 92%. The results of 5 different measurements are shown in Fig. S4 .1. We find that the stiffness is reduced at high relative humidity as a result of moisture uptake, but the observed stiffness profile appears to be rather similar to the one observed in dehydrated sections (compare with Fig. 1f ). More importantly, the stiffness along the hydrated tooth is of the same order of magnitude, which is in stark contrast to the extreme variations in hydrated squid beaks. [22] We therefore conclude that while hydration certainly does affect the stiffness of tooth sections, the effect is not dramatic. The μ-CT image in Fig. S4 .2a readily depicts a shape-reserving wear (i.e., the wear pattern is asymmetric, such that the tooth tip appears to preserve sharpness). The acoustic reflectivity of longitudinal sections is depicted in Fig. S4 .2b. Acoustic reflectivity depends on both the local mass density and the local modulus and therefore does not reflect the stiffness alone. [8] SAM results agree well with the nanoindentation results ( Fig. 1e and 1f in the main text), revealing a slightly more reflective (i.e., stiffer and/or more dense) shell enclosing the less reflective (softer and/or less dense) core. As μ-CT did not reveal significant density variations inside the tooth we assume that SAM mostly reflects variations in stiffness. 
S5. Characteristic 2-dimensional diffraction pattern observed inside the tooth
The typical scattering pattern is depicted in Fig. S5 and reveals peaks characteristic for crystalline α-chitin. [9] [10] [11] The fact that the reflections do not have a uniform intensity over the circle is indicative or preferential orientational alignment of the fibers. The reflections are assigned in the figure caption. Note that no reflections other than those corresponding to chitin were observed confirming that the teeth do not contain any mineral phases. The orientation of the chitin fibers was determined on the basis of the angular dependence of the (040) and (013) reflections. 
S6. Wide-angle X-ray scattering analysis of the chitin fibre texture
The degree of orientational order was determined based on the peak to background ratio in the radially integrated angular scattering profiles and is shown in the left panel of The scale bar is 100 µm.
S7. Details of the SAXS analysis -Structurally-limited power-law scattering
Theoretical background
In the Porod regime of q values, a particle surface can be considered to be locally flat and the particle shape and size is not important. For an ideally sharp planar interface, the scattering intensity scales as q -4 , which derives from the probability that any two points separated by a given distance r will be both in the bulk phase or the inner part of the surface phase -the so-called Porod condition. [12] More generally, power law scattering is observed for mass-fractal, surface-fractal or diffuse interfaces. [13, 14] The experimentally observed power-laws display structural limits in both, small-and high-q regimes, which are manifested in terms of regions of exponentially decaying scattering intensity. [12] Such behavior is interpreted as reflecting interfacial or mass-fractal scattering from a large structure in the low-q power-law regime composed of small-scale substructural units, whose mass-or surface-fractal scaling of the intensity is observed in the high-q power law regime. [12] The exponential region between two power laws reflects the average size of substructural units/particles.
In the regime of for small q (or equivalently large r), where r becomes similar to the particle size. [12] The power-law scaling therefore has a low-q limit beyond which it increasingly overestimates the scattering intensity. We therefore need to correct for the fact that a random placement of the first point will satisfy the Porod condition only with a certain probability, which leads to a so-called reduced q*.
The form factor of a centro-symmetric and rotationally averaged particle is defined as
where V is the particle volume, ρ e is the electron density of the particle and g(r) is the socalled correlation function denoting the probability that a point located at a radial distance from a given point inside the particle will also be in the particle. The product r 2 g(r) is also called the distance distribution function p(r). The average structure in terms of a radially symmetric probability function is obtained by averaging of the scattering reference frame (i.e.
the position of the first point) over all positions within the particle. Equivalently, we may consider the particle to diffuse randomly around the initial point resulting in a 3-dimensional
Gaussian function centered at the initial point. However, for distances r approaching the particle radius the random placement of the initial point will not always allow for fulfilling the Porod condition. More precisely, in some arbitrary direction given by a vector r from the initial point the maximal distance allowing the Porod condition to be fulfilled is d (see Fig.   S6 ). We thus need to take into account only such 'allowed' displacements.
According to Ref. 5 the probability of finding two points separated by a distance r in the 'averaged' particle is hence
where the variance is defined by
where μ is the position of the particle's center of mass and N is the total number of positions considered. Note that we omitted the normalization factor in Eq. (2) as we can introduce it at a later stage. For any r the second (end) point at location x i must remain within the particle. If the origin of the vector r is at the centre of mass μ, the maximum particulate dimension in direction r is r max and d= r max /2. In q-space Eq. (2) corresponds to
To account for all possible allowed distances d we have to integrate Eq.(4) over all spheres of radius d=0 to d= r max /2. This corresponds to integration over σ from 0 to σ max , with
where f k is the scattering factor for point k and O μk is the length of the vector from the centre of mass to the point k of an average particle and R g is the radius of gyration of the particle.
Upon a trivial change of variables the result of the integration is
where we now introduced a normalizing factor. To consider other orientations of the particle with respect to r and assuming that the other two dimensions are equivalent Eq. (6) is cubed,
To account approximately for a finite structure of the particle we introduce the reduced q:
which enters Eq. (1) instead of q and leads to the corresponding structurally-limited powerlaws ( ) ̅̅̅̅̅̅̅̅ ( ) that we have used in the analysis.
Structural limits also cause a systematic deviation of power-law scaling at high-q values, which is due to a finite average size of the scattering unit. [12, 15] For example, a smooth interface cannot be considered smooth on the scale of chemical inhomogeneity and a polymer chain is not a continuous random curve below the persistence length. Below this length scale (for higher q) the scattering intensity decays exponentially (analogously to the Guinier's law) and thus gives rise to a multiplicative exponential cut-off to the reduced power law [12] ( )
with the sub-structural radius of gyration R g,sub . Note that we have here the bare q. Moreover, the gyration radius of the structurally limited power law is equal to the (Guinier) radius of the particle, whereas the sub-structural radius corresponds to the (Guinier) size of the substructural particles/units. Moreover, for systems with several structural levels, and thus expectedly also for M. crenulata's teeth, the respective exponentially cut-off effective power laws of the various structural level (particulate, subparticulate etc.) contribute independently to the scattered intensity. [12] Fig. S7: Schematics of a violation of the Porod condition at small q. When |r| becomes comparable to the particle radius (with a center in the green dot), we need to correct for those occasions, where a virtual displacement of the particle in the direction r would result in a violation of the Porod condition. This results in a reduced distance r* or, after taking the Fourier transform, in a reduced q*.
Analysis of data
In agreement with the described theoretical concepts the results in Porod law scattering from compact and sharp interfaces delimiting homogeneous compact phases. [12] The power 3 corresponds to scattering from mass-fractal associated networks or fractal surfaces and indicates a more open, fractal-interconnected and less compact structure. [13, 14, 16] Finally, the power 2 corresponds to scattering from Gaussian polymer chains, which indicates a completely open structure. [12, 17] This is in good agreement with SEM observations (compare Fig. 2c -e in the main text). Thus, our results consistently demonstrate that the ultrastructure undergoes a gradual transition from compact to open as we move towards the tooth core (see also schematic in Fig. 3 in the main text). Moreover, comparing the scales of the basic scattering units in SAXS and the fibrous structures observed in SEM (Fig. 2c-2e) , the latter evidently correspond to a higher level of structural organization, most likely to densely-packed bundles of proteins packed in-between chitin fibers, which cannot be resolved by SAXS due to the width of the transmitted beam. corresponds to a reduced q -a mathematical correction for a particle with finite structure, where R g denotes the effective average (statistical) particle radius of a given structural level 12 .
Note that the exponential cut-off contains the bare q. d) Schematic of the ultrastructure in the core (α=2), transition region (α=3) and shell (α=4).
S8. Elemental composition of raw and EDTA-treated samples
The elemental maps of EDTA-treated samples are shown in 
S9. Presence of traces of Fe in extensively worn teeth
Using synchrotron-based X-Ray fluorescence we occasionally detected traces of Fe (a very weak signal) in extensively worn teeth (Fig. S9) . We were not able to detect any Fe using EDX (not even in extensively worn teeth). Moreover, in mature but less worn teeth XRF did not reveal any Fe (there was no differences in the Fe content between the tooth and the environment). The Fe layer in extensively worn teeth is non-uniform and essentially app. onepixel thick (~30 μm) and is missing in the tip, where the tooth is in contact with the substrate. 
S11. Effect of EDTA-treatment on the mechanical properties of teeth
In addition to partly removing Ca and Mg from the shell region the EDTA-treatment also caused changes in the mechanical properties. More precisely, the stiffer arch co-localized with Mg rich-layer disappeared (Fig. S11, left panel) and the stiffness in the surface layer decreased as well (compare with Fig. 1 in the main text and with Fig. S10 ). Most markedly, however, the hardness of the external region of the shell decreased from 0-7-0.8 GPa to app.
0.55 GPa (Fig. S11, right panel) . This highlights a direct role of these cations for the stiffness and hardness of the teeth. 
S12: Details of the data analysis
Microbeam SAXS and WAXS
The software DPDAK [18] was used for preparatory analysis of the 2-dimensional scattering data. Further analyses were performed with self-written software. Both the (040) and the (013) reflections were used to determine the local chitin content and texture. The difference in the results obtained from both reflections was within the statistical error but the (013) reflection was more visible and well resolved.
Nanoindentation
Load-displacement curves were analyzed for reduced modulus and hardness, using the method described by Oliver and Pharr [19] and the resulting reduced modulus and hardness data were plotted using XYZPlot (Hysitron).
Micro-tomography
Data reconstruction was carried out using the standard manufacturer reconstruction package (Nrecon, BrukerCT, Kontich, Belgium) and the reconstructed volumes were visualized in 2D
(Fiji [20] ) and in 3D (CTvox 2.6, BrukerCt, Belgium and Amira 5.2, Visage Imaging GmbH, Germany).
Scanning acoustic microscopy
The data was analyzed with SAM Process program (created by Puchegger Stephan). [8] With this program a time-dependent calibration curve was created to compensate a thermal drift of the voltage-reflectivity relation. The voltage values of the measured sample regions were then converted into reflectivity values R based on the time-dependent calibration curve.
